Abstract. -In this paper we present high resolution images and spectra toward 21 H2O maser sources in the vicinity of ultracompact (UC) H II regions. This survey provides the basis for future studies with milli-arcsecond resolution, utilizing very long baseline interferometry (VLBI) techniques. Emission from the 616 -523 masing transition of interstellar H2O is observed in the close vicinity of UC H II regions with a median angular distance of 2".9 and a median linear projected distance of 0.1 pc from the continuum peak. We find that for UC H II regions with cometary morphology the water maser emission is located in front of the cometary arc whereas for non-cometary UC H II regions the water masers are often observed projected onto the contours of the ionized gas. Due to the large median distance of the water masers from the I-front of the UC H II region, it is unlikely, that the water masers are formed in the shocked layer of warm molecular gas in the interface between the ionized gas of the UC H II region and surrounding molecular gas which is predicted by the Bow Shock theory of UC H II regions. A comparison with maps in the N H 3 inversion transitions shows that in at least 7 cases, the water masers are associated with hot (T > 100 K), dense (n(H2) = 107 cm-3 ) molecular clumps. For the UC H II regions G5.89-0.38 and G45.07+0.13 we find spatial and velocity correspondence between water masers and outflowing molecular gas. It is thus likely, that for these sources the H2O masers are taking part in the bipolar outflow.
Introduction
Strong maser action in the 616 -523 rotational transition of interstellar H2 O is observed frequently in star-forming regions and is widely regarded as a signpost of massive star formation. The strong emission and small sizes per mit regions as small as 3 1013 cm to be probed, and the ensemble of H2O emission components can be used to in vestigate the kinematics of the hot, dense molecular gas associated with young stellar objects. While the general connection between star forming activity and H20 masers is clearly established, many questions about the details of this association as well as of the physical mechanism which produce H20 maser emission, remain.
Send offprint requests to: P. Hofner (Universität zu Köln) *Based on data collected with the NRAO Very Large Array. The National Radio Astronomy Observatory is operated by Associated Universities, Inc., under contract with the National Science Foundation ** Table 3 is also available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/Abstract.html Due to the recent advances of theoretical models (e.g. Elitzur et al. 1989; Kaufman & Neufeld 1995) as well as the availability of NRAO's Very Long Baseline Array (VLBA), it is now possible to improve our understanding of H2O masers by increasing the sample of sources studied at milli-arcsecond resolution. As a first step toward this goal, we report here interferometric observations toward 21 H20 maser sources in the vicinity of ultracompact (UC) HII regions.
UC HII regions represent one of the earliest observable phases in the evolution of massive stars. They are usually associated with dense molecular gas, and the duration of the ultracompact stage has been estimated by Wood & Churchwell (1989a) to be of order 105yr. The occurrence of distinct morphological types is suggestive of a com mon mechanism of interaction between the newly formed massive stars and the surrounding molecular gas (Wood & Churchwell 1989b, hereafter WC) . Churchwell et al. 1990 (herafter CWC) observed a large sample of UC HII regions with the MPIfR 100 m telescope (FWHM=40") and detected H20 maser emission in 67% of the sources. This high detection rate shows that H20 masers are quite common in the vicinity of UC HII regions, thus making them an ideal laboratory to study details of the associa tion between newly formed massive stars and H2O maser emission.
In this study we present interferometric observations made with a typical synthesized beam size of 0".4, which corresponds to a linear size of 0.01 pc or roughly 2000 AU at a distance of 5kpc. This spatial scale is too large to resolve individual maser features, however as our study shows, maser emission in the vicinity of UC HII regions often occurs in several centers of activity which are sep arated by angular distances that can be resolved by our observations. Thus, besides providing accurate positions for future milli-arcsecond resolution observations, we are able to investigate the relationship between UC HII re gions and H2O maser emission.
Section 2 of this paper describes the observed sample and details of the observations and data reduction. In this section, we also present images and spectra of the observed H2O masers. In Sect. 3, we comment on individual sources and in Sect. 4, the relationship between UC HII regions and H20 masers is discussed. We summarize our results in Sect. 5.
Observations and data reduction

The observed sample
We have selected 21 sources from CWC which show strong emission in the 616-523 masing transition of H2O. For most of the sources, high resolution radio continuum im ages were obtained by WC. The ionized gas present in these regions has physical parameters typical of UC HII re gions as defined by WC: diameters ≤≤ 0.1 pc, electron den sities ≥ 104 cm-3 and emission measures ≥ 107 pc cm-6. To investigate a possible dependence of maser emission on the morphology of the ionized gas, we included several ob jects of each morphological type as defined by WC. Our sample is thus clearly biased toward resolved, bright UC HII regions with strong maser emission.
Data reduction methods
Observations of the 616-523 transition of interstellar H20 were made on December 14, 1991 with the VLA in its B-configuration, which provides baselines between 0.21 and 11.4 km. The intensity scale was set by observation of 3C286 for which we assumed a total flux density of 2.57 Jy at the frequency of the water line of 22235.08 MHz. The synthesized beam FWHM of our observations was about 0".4. We used a total bandwidth of 3.125 MHz (42 km s-1) with 256 channels, which after on-line Hanning smooth ing, results in 128 channels with a channel separation of 24.414kHz (0.329 km s_1). The typical integration time per source was 8.5 minutes. Based on the spectra mea sured by CWC several sources showed water maser fea tures over an extent larger than our bandwidth. To cover the entire range of emission we observed 8 sources at 2, and 3 sources at 3 different velocities. The bands were chosen to overlap in order to provide common reference features for self-calibration and also for consistency checks. The in strumental parameters of our observation are summarized in Table 1. In Table 2 we list the sources observed (Col. 1). Columns 2-5 give equatorial coordinates of the radio con tinuum peak position of the UC HII region, distance and morphological class. Column 6 gives the LSR velocity of the band center and Col. 7 gives the velocity coverage for our observations. Column 8 gives the synthesized beam for each source. The data were reduced using the NRAO software pack age AIPS. After inspection and editing, an external cali bration was derived from observations of the phase cal ibrator sources 1730-130, 1923+210 and 2005+403 . A channel with strong maser emission was imaged and used in an iterative self-calibration procedure in order to im prove the antenna-based gain and phase solutions. These solutions were subsequently applied to the dataset. In most cases the first (phase-only) iteration was sufficient. The resulting dynamic range in the channel maps is be tween 300-2000. The calibrated UV-data were imaged and cleaned using the AIPS task MX. The resulting chan nel maps are 512 x 512 pixels with a pixel size of O ".1. When continuum emission was detected, the line-free channels were averaged to form a continuum map and this map was subtracted from each channel map to create a data-cube containing only the water line.
The entire data-cube was averaged in the UV-plane to create a wide-band data-set. A map covering the en tire primary beam of the VLA antennae was then made to search for features with large offsets from the phase center of our observations. Due to the spectral dilution, the resulting limit of detection in this map is = 1 Jy for an individual maser feature. The flux densities of features at distances exceeding 20" from the phase-tracking center were corrected using a gaussian response function for the primary beam of the VLA antenna. The channel maps were inspected for maser fea tures and the position and intensity of the features were recorded. For each distinguishable maser in the field of view, a spectrum was taken at the position of the pixel with maximum emission. To derive the exact position and intensity, a gaussian was fitted to the channel with max imum emission of each spectral feature. In cases where different maser spots are blended, the intensity was de rived from a fit of multiple gaussian components. No fit in the spectral domain was undertaken.
A typical noise level in our channel maps is 30mJy/beam; we recorded features down to a limiting in tensity of = 0.2 Jy/beam. In a few cases when very strong features were present, the noise in the channel maps was considerably higher, so that weak sources could have been missed in these cases.
Assuming a size much smaller than our typical synthe sized beam, FWHM of 0".4, we estimate for the weakest features a relative positional accuracy of about O ".1. Since the positional accuracy obtained by gaussian fitting scales inversely with the signal-to-noise ratio of the feature, the theoretical positional accuracy of most features is much higher; in most cases structure in the beam is more likely to be the limiting factor. Also, due to the self-calibration process all positions are tied to the position of the refer ence feature.
In Table 3 we list the observed water maser features. For each source we have grouped together as clusters, spec tral features which cannot be separated in the map, i.e. which are at distances smaller than the synthesized beam. For each cluster we list the position, velocity and inten sity of the strongest feature (Cols. 3-6) and Col. 7 gives the velocity range over which emission is observed in a given cluster. show UC HII regions with non-cometary mor phology. Unless otherwise noted, the continuum maps are from WC. Note that some features were detected at large angular distances from the UC HII region, so that their po sition cannot be shown on the continuum maps. Below the continuum maps, we show spectra which were read out at the pixel closest to the cluster center. In some cases when a very strong maser feature is present, residual phase er rors result in artifacts in the spectra of nearby features. For example, the strong features of maser cluster No. 1 in G19.61-0.23 (see Fig. 3 ) cause the negative artifacts seen in the spectra of clusters Nos. 3, 4 and 5 in this source. We have marked artifacts in the spectra by vertical lines. A complete list of positions and fluxes for each spectral feature can be obtained from the authors.
Comments on individual sources
Several of the maser sources observed in this survey show interesting features such as symmetric line profiles, elon gated structures and velocity gradients. Detailed model ing of these sources is beyond the scope of this survey and will be attempted for selected sources in a subsequent pa per. Below we comment on some of the more interesting sources. The shell type UC HII region G5.89-0.38 is the source of one of the most luminous bipolar molecular outflows in the galaxy. The CO observations of Harvey & Forveille (1988) showed that the flow is oriented in the East-West direc tion. However, in a subsequent paper by Cesaroni et al. (1991) , the orientation was reported to be North-South, based on a map of the J=3-2 transition of C34S. The positions of the H2O masers toward G5.89-0.38 (Fig. 10 ) are distributed in a North-South orientation and if one adopts the brightest maser line in each cluster as repre sentative of the radial velocity, a clear velocity trend can be seen ranging from close to 80kms_1 for the northern most component to about -4km s_1 for the southernmost component. This is particularly clear for clusters Nos. 1, 2 and 3. Several emission components in the H2O maser line at velocities outside of our velocity coverage have also been Fig. 1 reported: an emission component at Vlsr = -61kms_1 had been observed by Genzel & Downes (1977) , but was not detected by Zijlstra et al. (1990) ; recently, emission at about -20kms-1 was observed by Acord et al. (1994, private communication) . The sense and orientation of the water masers mapped is the same as for the bipolar flow mapped in C34S by Cesaroni et al. (1991) . Also, if one takes into account the additional velocity components mentioned above we note that the velocity range seen in the H2O masers is = 140 km s_1 which is almost identical to the velocity extent of the flow as seen in CO by Harvey & Forveille (1988) . Hence, there is strong evidence that in G5.89-0.38 the H2O masers are taking part in the bipolar molecular outflow traced by C34S(3-2). Fig. 1 
G9.62+0.19
The H20 maser emission in G9.62+0.19 (see Fig. 8 ) is located along a narrow, linear structure of length 0.6 pc. Along this line, several other maser species as well as hot NH3 and very compact continuum sources are also ob served (see Hofner et al. 1994 and references therein) . This line of star forming activity occurs along a ridge and is em bedded in a massive molecular cloud core of mass « 1000 MΘ Θ , in which at least three centers of recent star forma tion are present (Hofner et al. 1996) .
G10.47+0.03
Three strong maser clusters are detected in the immediate surroundings of the UC HII region G10.47+0.03B (see Fig.  12 ). The NH3(4,4) observations of Cesaroni et al. (1994, hereafter CCHWK) show that the UC HII region is lo cated at the center of a spherical molecular clump with an average gas temperature of 200 K and an average hy drogen density of nH2 = 107cm-3. Blue shifted ammonia absorption indicates that a substantial amount of molec ular gas is expanding. The ionized gas at the center of the molecular clump is still optically thick at 1.3 cm in dicating a very high electron density. The water maser clusters (Fig. 12) appear projected onto the molecular gas traced by NH3 and may be part of an expanding molecular envelope, which is heated by the very young massive star responsible for the ionization in the center of the clump.
G10.62-0.38
In a series of papers Keto, Ho & Haschick and coworkers investigated the dense molecular gas associated with the Core-Halo UC HII region, using the NH3 inversion lines as a probe of the physical conditions and kinematics in the region. The observed velocity field is interpreted by these Fig. 7 . Results for G75.78-0.34. Captions are as in Fig. 1 authors as a remnant infalling molecular envelope onto a massive young star. The molecular gas is also seen to be rotating and undergoing spin-up as it approaches the UC HII region (e.g. Keto et al. 1987 Keto et al. , 1988 . We detect strong maser emission coincident with the NH3 gas to the north west of the UC HII region which forms a linear structure of projected length = 0.04 pc, oriented perpendicular to the rotation axis of the molecular gas (clusters 1-4, Fig. 13 ).
G13.87+0.28
G13.87+0.28 is a cometary HII region located at a dis tance of 4.4 kpc. Garay et al. 1993 obtained 2, 6 and 20 cm continuum observations toward this source with the VLA. Their work showed that G13.87+0.28 has a diameter of 0.43 pc, electron density 2.5 103cm-3 and emission mea sure 4.1 106 pc cm-6 and thus does not qualify as an ultra com a c t H I I region. The H 2O maser spectrum toward G13.87+0.28 is shown in Fig. 19 . Emission is seen over a velocity extent larger than our bandwidth so that the ve locity extent quoted in Table 3 is a lower limit. With the given spatial resolution all velocity features originate from a single cluster, located close to the 6 cm radio continuum peak.
G29.96-0.02
The H2O maser emission toward the cometary UC HII region in G29.96-0.02 is located just ahead of the apex of the ionized gas. Recent high resolution observations of the NHs(4,4) line by CCHWK show that the maser emis sion is coincident with a molecular clump with T = 100 K and nh2 = 107cm-3. The H20 maser spectra at the two Pig. 9. Results for G32.80+0.19. Captions are as in Fig. 1 . The continuum image was derived from line free channels in the H2O maser observations. Due to the narrow bandwidth of the maser observations only the brightest sources are seen in our map. See KCW for a continuum map of higher signal-to-noise ratio clusters in front of the ionized arc show an interesting sym metry (Fig. 4) : For both maser spots the strongest emis sion occurs at velocities close to the velocity of the molec ular clump. The eastern maser clump shows additional blue shifted features whereas only red shifted features are found at the position of the western maser cluster, so that the profiles at the two clusters are almost mirror images of each other. A similar spectral behavior is found for the water masers associated with NGC 2071 IRS1 by Tofani et al. 1995 and is interpreted by these authors as a bipo lar molecular flow. Alternatively, in the model suggested by Churchwell (1993) the profiles are explained by maser emission from a rotating molecular disk or torus surround ing a young stellar object. Note the different velocity scale for the spectrum of maser fea ture No. 1 in Fig. 10b 
G31.41+0.31
The water masers in G31.41+0.31 are coincident with a hot molecular clump with temperature and density sim ilar to the molecular clump in G10.47+0.03 (CCHWK). Recent interferometric observations toward G31.41+0.31 have revealed a bright 3 mm continuum source coinci dent with the molecular clump as well as an unusually large velocity gradient observed in the CH3CN(6-5) line . This velocity gradient is also visible in the OH masers observed at the position of the molecular clump (Gaume & Mutel 1987) but is not clearly identified in the water maser spectra in Fig. 15 . The data are consis tent with H20 masers embedded in the molecular clump in which a massive stellar object has recently formed. Fig. 1 
G34.26+0.15
G34.26+0.15 is a UC HII region with a cometary mor phology. Very strong maser emission is detected in front of the cometary arc embedded in an ultradense molecu lar core with temperature 225 K and a hydrogen density 107'2cm-3 (Henkel et al. 1987; Heaton et al. 1989) . Also embedded in this ultradense molecular core are two unre solved continuum sources which show a spectral behavior indicative of an ionization bounded stellar wind (Gaume et al. 1994) ; however none of the maser clusters detected here is coincident with these sources. The strongest maser emission (cluster 1 in Fig. 5 ) comes from an elongated structure, oriented perpendicular to the cometary arc of the UC HII region. We have indicated continuum components A, B and C, using WC's nomenclature 3.9. G45.07+0.13
Recent interferometric observations of CS(J=2-1) by Hunter et al. (1995) toward this region revealed a bipolar molecular flow centered on the UC HII region, and ori ented with a P.A. of about -45°. A comparison with our H2O maser data shows that maser clusters 1, 3 and 4 in G45.07+0.13 are located along the flow axis and also show a good correspondence in the measured velocities. Hence, as in the case of G5.89-0.39, there is strong evidence that in G45.07-0.13 the H20 masers are taking part in the bipolar outflow. Fig. 1 
The relationship between H 20 masers and UC H II regions
In order not to confuse the relationship between H20 maser emission and UC HII regions in the analysis pre sented in this section, we have excluded sources which have more than one compact HII region as reported in WC and Kurtz et al. 1994 (hereafter KCW) . Note, how ever that these surveys were not sensitive to larger HII re gions, which could, and in some cases (e.g. G34.26+0.15) are known to be present. We are left with 15 sources which have a total of 76 centers of maser emission. Figures 22a-c shows histograms of the projected angu lar distance of the centers of water maser emission from the radio continuum peak of the UC HII regions and Figs. 23a-c shows the corresponding linear projected dis tance. About 8% of the maser clusters appear outside of the ranges displayed in these figures i.e. at angular sepa- Fig. 14 . Results for G20.08-0.14. Captions are as in Fig. 1 ration > 20" or projected linear distance > 0.5 pc and are likely to be associated with different centers of star for mation. The median values of these distributions are 2"9 and 0.096 pc for the angular distance and projected linear distance, respectively. With a typical radius of 2" for the UC HII regions, it is clear from these histograms that most maser features are not observed projected onto the ionized gas. However, the small median distance of about 0.1 pc indicates that most H2O masers are likely associated with the same molecular core as the UC HII region.
Inspecting Figs. 10-19 one notes that often maser fea tures appear projected onto the radio continuum contours in the case of non-cometary morphologies. Figures 22 and  23 (middle and lower panels) show the distribution of an gular and linear distances between maser features and ionized gas for cometary and non-cometary morpholo gies. The distribution in the case of non-cometary mor phologies (Fig. 23c) is strongly peaked at a distance of Fig. 15b 0.03 pc whereas the distribution in the case of cometary features is flat (Fig. 23b) . Also from inspection of Figs. 1-9, one notes that in the case of the cometary mor phologies, water maser emission is found predominantly to be located in front of the cometary arc. This can be seen clearly in the following sources: G11.94-0.62, G12.21-0.10, G19.61-0.23, G29.96-0.02, G34.26+0.15 and G75.78-0.34. Sources, where this is less clear are G43.89-0.38, where the maser emission is located to the side of UC HII region, G32.80+0.19, where our continuum map has too low signal-to-noise ratio (but compare KCW's map) and G9.62+0.19, where the cometary is the extended continuum component B (see Garay et al. 1993) , which is not imaged well in our map. In G35.20-1.74 the water maser emission is not associated with the cometary UC HII region. Thus, including also the confused regions, we find water maser emission located in front of the cometary arc for 9 out of the 10 cometary regions observed. Also, several additional examples can be found in the literature, e.g. the compact HII region G351.42+0.64 (NGC 6334F) from Forster 1992.
One possible explanation for this dichotomy can be found in the bow shock theory of UC HII regions (e.g. van Buren et al. 1990) . In this scenario a bow shock results from the relative movement of a young massive star and the surrounding dense molecular gas. The ionized gas ex ists in a shell which is held in a stable equilibrium between the inside pressure caused by the stellar wind and the outside ram pressure due to movement through the dense environment. Numerical modeling results by Mac Low et al. 1991 suggest that UC HII regions with a non-cometary morphology (spherical or core-halo) could be cometary re gions observed head-on or tail-on, nearly parallel to the line of motion, so that water masers which are preferen tially located in front of the ionized gas will be observed projected onto the ionized gas. Within the frame work of the Bow-Shock theory, one might then ask whether the water masers are actually forming in the warm, compressed gas in the molecular bow shock, as was suggested for the OH masers surround ing the cometary UC HII region G34.26+0.15 (Churchwell 1991) . The thickness of this layer of warm, shocked gas is predicted to be 6 = 9/8M -2t where M and l are the Mach number and stand-off distance of the massive star from the shockfront (Van Buren et al. 1990) . Adopting for l 4/3 of the distance between vertex and focus of the cometary parabola as listed in WC and assuming a Mach number of M = 5 we find that the thickness of the shocked layer is predicted to be smaller than 0.01 pc for all our sources. Comparing this with Fig. 23b we conclude that the water masers are located too far from the cometary arc of the ionized gas to be produced in the bow-shock. Also, in no case have we observed a distribution of water masers which follows closely the cometary arc as should be expected if For a continuum image, see WC the water masers are formed in the Bow-Shock. Hence, we conclude that it is unlikely that the H2O masers in front of the cometary regions observed in this survey are pro duced in the Bow-Shock. Gaume et al. 1994 have reached the same conclusion for the water masers observed toward G34.26+0.15.
Alternatively, the locations of the water masers could mark the positions of young, possible protostellar objects. Recently, CCHWK mapped emission in the NH3(4,4) line toward G9.62+0.19, G10.47+0.03, G29.96-0.02 and G31.41+0.31. This study revealed hot (T > 100K ), dense (n(H2) = 107cm-3) molecular clumps in the im mediate vicinity of the UC HII regions. The most likely explanation for these objects are young massive objects, which are heating the surrounding molecular envelope. A comparison of NHs(4, 4) emission with our H20 maser data shows, that in the four cases studied, the H2O masers are coincident with the hot molecular gas. A similar co incidence of the H20 masers with hot, dense molecular gas is known for G10.62-0.38 (Keto et al. 1987 (Keto et al. , 1988 , G34.26+0.15 (Heaton et al. 1989 ) and W3(H20) (Turner & Welch 1984) . Thus, if most of the H20 masers observed in front of cometary HII regions, mark the location of deeply embedded, young massive stars, the fact that we observe centers of H2O masers toward positions in front of the cometary head implies, that massive star formation preferably occurs in a binary (or multiple) mode. The dif ferent appearance (UC HII region versus hot molecular clump) may be explained by either different ages, spectral types or physical environment. In the latter case, one could speculate that the cometary appearence of the ionized gas is caused by a gradient in a lower density environment, whereas higher densities prevent the rapid expansion and formation of an UC HII region at the position of the hot molecular clumps coincident with the water masers (see also De Pree et al. 1995) .
Summary
In this paper we present high resolution images and spec tra toward 21 H20 maser sources in the vicinity of UC HII regions. This survey provides the basis for future VLBI studies of the maser clusters mapped in this paper. Emission from the 616 -523 masing transition of inter stellar H20 is observed in the close vicinity of UC HII regions with a median angular distance of 2".9 and a me dian linear projected distance of 0.1 pc from the contin uum peak. We find that for UC HII regions with cometary morphology the water maser emission is located in front of the cometary arc whereas for non-cometary UC HII regions the water masers are often projected onto the ion ized gas. Due to the large distance from the I-front of > 0.03 pc, it is unlikely, that the water masers are formed in the shocked layer of warm molecular gas in the inter face between the ionized gas of the UC HII region and surrounding molecular gas as predicted by the Bow Shock theory of UC HII regions. A comparison with maps in the NH3 inversion transitions shows that in at least 7 cases the water masers are associated with hot (T > 100 K ), dense (n(H2) = 107 cm-3) molecular clumps. For the UC HII re gions G5.89-0.38 and G45.07+0.13 we find good spatial and velocity correspondence between water masers and outflowing molecular gas. It is thus likely that the H20 masers are taking part in the bipolar outflow. 
